Pulmonary embolism is now known to be a common disorder, but it is often difficult to diagnose, particularly when recurrent embolization gradually leads to the development of obstructive pulmonary hypertension. The abnormalities of pulmonary function produced by emboli have been the subject of several recent reports ; many of these studies, however, have been performed in the acute phase following an embolus, and in patients with complicating heart or lung disease or recovering from major operations. As pulmonary function may be disturbed by these conditions, the extent to which the abnormalities found were related to the effects of embolism alone has often been uncertain. In the present work some aspects of pulmonary function have been studied, with particular emphasis on the response to exercise, in a group of patients suffering from thromboembolic pulmonary hypertension or recovering from one or more emboli. In order to establish the extent to which abnormal function reflects the severity of the disease, the results have been related to the findings at cardiac catheterization and to the angiographic appearances.
Materials and Methods
The clinical details of the 11 patients studied are shown in Table I . They fall into two main groups. In the majority (Cases 4-11) typical pulmonary embolism had occurred on one or more occasions with chest pain, haemoptysis, and the radiographic appearances of pulmonary infarction. In the others (Cases 1-3) the presenting symptoms were mainly due to pulmonary hypertension; in Case 1 histological evidence of multiple emboli was found at post-mortem examination; in Case 3, previously reported by Goodwin, Harrison, and Wilcken (1963, Case 10) , the history suggested repeated pulmonary infarcts. Case 2 was the only patient in whom there was no * evidence of previous pulmonary infarction; treatment with anticoagulants produced slight improvement in the clinical and electrocardiographic signs, which has been maintained; it seemed most probable that recurrent small emboli were the cause of the pulmonary hypertension.
Patients with complicating conditions known to affect pulmonary function, such as a recent surgical operation and rheumatic or congenital heart disease, were excluded. Two patients suffered from renal disease and one from myelofibrosis, but at the time of study these conditions were not causing symptoms and were not thought to affect the results. The studies were made at varying periods up to one year after the last embolus (see Table III ).
The clinical features require little comment (Table I) . Peripheral venous thrombosis had occurred in most of the patients. Dyspnoea was common; it was most severe in the patients with chronic pulmonary hypertension, and was absent in only two patients ; the grading used in Table I is that of Fletcher (1952) .
Clinical signs of. pulmonary hypertension (Goodwin et al., 1963) had been noted at some time in six patients, but were present at the time of study in only three (Table III) . Electrocardiographic evidence of right ventricular hypertrophy is graded in Table I according to the criteria of Goodwin and Abdin (1959) ; evidence of severe right ventricular hypertrophy was confined to two patients with severe pulmonary hypertension. But T-wave inversion in VI, was an important feature (Goodwin et al., 1963) .
Cardiac catheterization was performed in nine patients, haemodynamic data being obtained at rest in the supine position. Gross pulmonary hypertension was present in Cases 1-3 ; in three others (Cases 4-6) pulmonary arterial pressures (P.A.P.) were mildly elevated (mean P.A.P. over 20 mm. Hg).
The findings of routine chest radiography were those of cardiac and pulmonary artery enlargement, and other signs associated with present or past emboli. Angiocardiography of (Bernstein, D'Silva, and Mendel, 1952) . The total lung capacity (T.L.C.) was measured by a closed-circuit helium dilution technique (Gilson and HughJones, 1955) . The diffusing capacity of the lungs for carbon monoxide (DLCO) was measured by the single-breath method of Ogilvie, Forster, Blakemore, and Morton (1957) . The last two tests were performed in only the three most seriously affected patients (Cases 1-3). Pulmonary gas exchange was measured in the sitting position both at rest and during exercise on a bicycle ergometer (Fig. 1) . The patients breathed through a low-resistance valve of known dead-space volume; expired gas was collected and ventilation measured, using a Tissot spirometer and kymograph. Expired gas was sampled at the mouth by a mass spectrometer (Associated Electrical Industries-M.S.4), which continuously analysed respired gas for 02, CO2, and N2. Arterial blood was sampled from a brachial artery, using a small polyethylene catheter inserted percutaneously (Berneus, Carlsten, Holmgren, and Seldinger, 1954) . Expired gas was analysed with the Lloyd-Haldane apparatus (Lloyd, 1958) . Blood-gas tensions
were measured with the Severinghaus CO2 electrode and the modified Clark polarographic 02 electrode (Severinghaus and Bradley, 195 8) . The electrocardiogram was recorded, using leads on the chest and forehead in order to minimize muscle artifacts during exercise.
Each patient was studied at least two hours after the last meal. During a preliminary period of rest the arterial catheter was inserted. After this a period was allowed for the patient to become accustomed to breathing through the valve and for adequate flushing of the spirometer. Expired gas was not collected until the mass spectrometer record showed a stable state in end-tidal gas composition. Ventilation was measured and expired gas collected over a three-minute period, arterial blood being sampled at the same time. The patient then exercised at a predetermined work load, and after three to four minutes the spirometer was flushed. A collection of gas and blood was not made until the pulse rate and the end-tidal gas composition were stable. Expired gas and arterial blood were then collected over one and a half minutes. In one patient (Case 2) a very low work load was tolerated for only three minutes: a sample of blood was obtained, but a gas collection could not be got; one patient (Case 3) was not exercised. After exercise the patient breathed 100% oxygen for 20 minutes; a final blood sample was then taken when the mass spectrometer record confirmed adequate washout of nitrogen.
Minute-ventilation (NE), carbon dioxide output (Vco2), and oxygen uptake (Vco2) were derived in the usual way from the Tissot record and expired-gas analysis. The dead-space/ tidal-volume ratio (VD/VT) and the physiological dead space (VD) were calculated, using Bohr's formula, after correction for instrumental dead space. The theoretical " ideal " alveolar oxygen tension (PAO,) was derived from the alveolar air equation (Fenn, Rahn, and Otis, 1946) ; the measured arterial oxygen tension (Pao2) was substracted from this to obtain the alveolar-arterial oxygen tension difference (A-aDO2).
The measurements of physiological dead space and the alveolar-arterial oxygen tension difference reflect the variations in the balance between ventilation and blood-flow throughout the lungs, and thus yield a measure of the extent to which the lung falls short of being a perfect gas-exchanger. The normal values of these measurements in exercise were obtained from over 50 experiments during 20 studies of normal subjects (Jones, 1964) .
Results
The results of spirometry, lung volumes, and diffusing capacity are shown in Table II . The results of the studies of gas L almost invariably abnormal during exercise in those patients with haemodynamic abnormality or angiographic evidence of vascular obstruction. The VD/VT ratio was measured in five patients by Wilhelmsen et al. (1963) , and found to be increased in all ; it was high in the three patients studied by Ehrner, Garlind, and Linderholm (1959) . A gross degree of dead-space ventilation occurred during exercise in the case described by Heilman, Tabakin, Hanson, and Naeye (1962) . The increase in VD is due to the presence of ventilated areas in the lung which are devoid of blood supply or which have a high ventilation/perfusion ratio. This "alveolar dead space" is also revealed by a difference between the Pco2 of end-tidal gas and that of arterial blood ; an increase in this difference in patients with pulmonary emboli was found by Robin, Julian, Travis, and Crump (1959) , who considered that it was quantitatively related to the size of the embolized area of lung. At rest endtidal Pco2 is normally 0-3 mm. Hg below Paco2, and values within this range were found in five patients. During exercise it invariably rises to above Paco2 in normal subjects, to an extent dependent on the CO2 output and the frequency of breathing (Jones, 1964) . In contrast, the end-tidal Pco2 was below normal with respect to Paco2 during exercise in all but one patient (Case 11) of the present study. The finding in some patients of an increased VD and an abnormal end-tidal to arterial Pco2 difference during exercise when these were normal at rest is of interest. Severinghaus, Swenson, Finley, Lategola, and Williams (1961) found that unilateral pulmonary artery occlusion in anaesthetized dogs produced a prompt fall in the ventilation of the occluded lung due to bronchoconstriction. Similar changes occur in experimental microembolism (Nadel, Colebatch, and Olsen, 1964 The arterial Pco2 was below normal during exercise in patients with pulmonary hypertension (Fig. 3) , indicating that alveolar ventilation was excessive for the level of CO2 output in these patients. Alveolar hyperventilation was noted by Robin et al. (1960) in several of their patients. In the reports of Ehrner et al. (1959) and Wilhelmsen et al. (1963) haemodynamic data were included. The three patients in the former study all had pulmonary hypertension, and all showed a low Paco2 at rest and during exercise (20-33 mm. Hg). Paco2 was measured in two of the patients also studied at catheterization by Wilhelmsen et al.: both had pulmonary hypertensionPaco2 was 24-27 mm. Hg in one and 33-36 mm. Hg in the other.
In the present study alveolar hyperventilation was most marked in patients with severe hypertension, but was also present in three other patients with mild hypertension. This association raises interesting questions regarding the control of ventilation in these patients. The excessive ventilatory drive is unlikely to be due to classical chemoreceptor mechanisms, for arterial Pco2 is low, arterial Po2 normal or even high (Case 2), and arterial pH normal or slightly raised (Wilhelmsen et al., 1963) . Asmussen and Nielsen (1946) found a close correlation in normal subjects between the hyperventilation of heavy exercise and the degree of anaerobiosis in working muscles. Evidence suggesting excessive anaerobic metabolism during exercise was found in one patient (Case 5), in whom "excess lactate" (Huckabee, 1958) amounted to 2.3 mEq/l., a high value for the work load (Naimark, Jones, and Lal, 1965) . Anaerobic metabolism in working muscle is likely to arise in patients with pulmonary hypertension due to the associated reduction in cardiac output. There is no evidence regarding BRITISH MEDICAL JOURNAL the part played by other mechanisms, such as reflexes arising in the lung or its vessels, in causing the hyperventilation found in these patients, and more exhaustive studies are needed to investigate this interesting phenomenon.
The A-aDO2 was normal at rest in four patients; during exercise a normal value was obtained in only one patient (Fig. 6) . Increased values were found by Ehrner et al. (1959) and Wilhelmsen et al. (1963) Although shunting could occur through anastomoses between the pulmonary and the bronchial circulations, this seems unlikely in view of the fact that it was negligible in degree in the two patients with the most severe pulmonary hypertension. The most marked degree of anatomical shunting was found in Case 7, in whom it was presumably related to the angiographic finding of normal blood-flow in an atelectatic area of lung. Severinghaus et al. (1961) , in their experiments on anaesthetized dogs, found anatomical shunting on restoring the blood-flow in a previously occluded pulmonary artery; hyperinflation of the lung produced a reduction in shunting. It seems likely that anatomical shunting in patients is due mainly to non-ventilated areas of lung which have retained their blood-flow. In most patients it is of minor degree and contributes less than 10 mm. Hg to the A-aDO2 during air-breathing at rest ; the main factor causing the A-aDO2 is an inequality in the ventilationperfusion ratio in the lung. The studies of experimental pulmonary embolism reported by Nadel et al. (1964) have demonstrated constriction of alveolar ducts following embolization; this probably contributes to the A-aDO2 during both airbreathing and 100% 02-breathing.
The reduction in pulmonary capillary blood volume which occurs in patients with widespread thromboembolism will lead to a reduction in the diffusing capacity for oxygen. This may contribute to the A-aDO2, but it is difficult to assess this factor with present methods; its contribution is likely to be small at the high levels of alveolar oxygen tension usually found in these patients.
Significant arterial desaturation-Pao2 less than 70 mm. Hg, saturation below 92 %-was found in only one patient. It does not appear to be related to the presence of pulmonary hypertension in the present series, although it has been reported in patients with thromboembolic pulmonary hypertension by Goodwin et al. (1963) and Wilhelmsen et al. (1963) .
Relation of Abnormal Pulmonary Function to Other Findings
The results of the gas-exchange studies suggest that they may be a useful guide to the severity of the vascular disease. The association between alveolar hyperventilation and pulmonary hypertension requires further study in a larger series of patients, especially to clarify the mechanisms involved ; the relation does, however, appear to be confirmed by the findings of previous workers already mentioned. The measurement of physiological dead space and the VD/ VT ratio, especially during exercise, seem to be a guide to the extent of the vascular obstruction: both were abnormal in the patients with pulmonary hypertension or abnormal angiograms. The VD/VT ratio was within the upper limit of normal (Fig. 4) in Cases 7 and 10, and slightly raised in Case 11. In these three patients there was no angiographic evidence of vascular occlusion; in Cases 10 and 11 the angiogram was normal, and in Case 7 localized arterial crowding was seen with normal flow.
The A-aDO2 is another sensitive indicator of pulmonary disease, only Case 10 showing a normal value during exercise. As it is related to areas in the lung with a low ventilationperfusion ratio, it tends to be raised shortly after a pulmonary embolus when alveolar duct constriction (Nadel et al., 1964) may be expected to be maximal. This was seen in one patient (Case 7), who was studied a few days after acute infarction as well as during recovery a month later. Shortly after infarction the A-aDO2 was 59.6 mm. Hg; a month later it was 39.3 at rest, and 26.4 during exercise.
Simple spirometry and the measurement of lung volumes do not help in the assessment of severity in these patients, but help to exclude other forms of lung disease. The diffusing capacity for CO was moderately reduced in the three most severely affected patients. This measurement may yield a measure of the degree of vascular disease. We did not analyse DLCO into its two components of pulmonary capillary blood volume (Vc) and resistance of the alveolar-capillary membrane (DM), and it is possible that the measurement of Vc would be of value.
Value of the Exercise Technique
The results underline the importance of making the measurements of pulmonary gas exchange during exercise as well as at rest; minor abnormalities are more likely to be detected under the stress of exercise. There are, in addition, several other advantages' to the exercise study. An objective measure of exercise tolerance is obtained, and from the relation between the pulse frequency and the work load the cardiac response to exercise may be assessed. The " functional " overventilation which commonly occurs in anxious patients is less likely to occur during exercise than at rest. The "unsteady state" produced by such overventilation may lead to errors in gasexchange measurements; these errors are minimized if the measurements are made in exercise, when equilibration of the body gas stores will be more rapid.
The gas-exchange studies are valuable in assessing progress as they may be more sensitive indicators than cardiac catheterization and angiography, and can be conveniently performed on out-patients. Furthermore, the electrocardiogram., although often a most valuable guide to continuing pulmonary thromboembolism, may occasionally show only T-wave changes, as in the patient (Case 3) who had a normal graph apart from Twave inversion in lead V3. Because of the increased dead space ventilation and the frequent presence of alveolar hyperventilation, total ventilation was excessive for the work load in all but Cases 7, 10, and 11 (Fig. 2) The alveolar-arterial oxygen tension difference was abnormal during exercise in all patients with haemodynamic or angiographic abnormality. It was due partly to " anatomical " shunting of blood, and partly to inequality in the ventilationperfusion relationships in the lung.
The results are discussed in relation to the control of ventilation and the factors which cause abnormal function and pulmonary hypertension.
It is concluded that the measurement of pulmonary gas exchange, especially during exercise, is of value in the physiological assessment of patients with pulmonary vascular disease.
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